In the first longitudinal, population-based study of full-day kindergarten (FDK) outcomes beyond primary school in Canada, we used linked administrative data to follow 15 kindergarten cohorts (n ranging from 112 to 736) up to grade 9. Provincial assessments conducted in grades 3, 7, and 8 and course marks and credits earned in grade 9 were compared between FDK and half-day kindergarten (HDK) students in both targeted and universal FDK programmes. Propensity score matched cohort and stepped-wedge designs allowed for stronger causal inferences than previous research on FDK. We found limited long-term benefits of FDK, specific to the type of programme, outcomes examined, and subpopulations. FDK programmes targeted at low-income areas showed longterm improvements in numeracy for lower income girls. Our results suggest that expectations for wide-ranging long-term academic benefits of FDK are unwarranted.
Methods

Data sources
Data came from the Population Health Research Data Repository held at the Manitoba Centre for Health Policy (MCHP), University of Manitoba. The Repository contains a collection of population-based data on health, education and social services used by residents of the province of Manitoba (population = 1,265,000), linkable at the individual level using an encrypted identifier. The specific datasets used for this study included: enrolment, marks, and assessment data for all Manitoba school children from the provincial department of Education; the Manitoba population registry, updated every six months, to determine demographic information on students (e.g. area of residence, number of residential moves, family information); provincial social assistance data to identify students living in poverty; Canada census data to determine area-level SES; and child welfare data to identify families involved in child protection services. The data in the Repository have been used extensively for research (Brownell et al., 2002 Oreopoulos, Stabile, Walld, & Roos, 2008; Roos, Gupta, Soodeen, & Jebamani, 2005; Roos & Nicol, 1999) .
Population
Education enrolment information from three separate school divisions in Manitoba (labelled 1, 2, and 3 here) was used to identify nine cohorts of children enrolled in kindergarten in school divisions 1 and 2 from school years 1998/1999 to 2003/2004 and 2006/2007 to 2007/2008 , and six cohorts of children enrolled in kindergarten in school division 3, from 1998/1999 to 2003/2004 .
Exposure
In school division 1, FDK was introduced gradually to the schools with the lowest arealevel SES, as measured using Canada census data, starting in 1998/1999, with all five target schools included by 2001/2002 . In school division 2, only HDK operated throughout the study period; school division 2 was used to identify control cohorts for comparison with school division 1 (see Table 1 for cohort numbers before and after matching; further information on matching can be found in section 'Study Design'). In school division 3, a decision was made to implement FDK in all schools with kindergarten classes; however, it was introduced gradually, starting with three schools in 1999/2000 and including all 20 schools by 2003/2004 (see Table 2 for cohort numbers; further information on stepped-wedge design can be found in section on 'Study Design').
Kindergarten is not mandatory in Manitoba, however, it is universally available and most children enroll (98% of eligible children enrolled in 2012/2013). A few school divisions offer FDK in all schools, some offer FDK in targeted schools, and most offer HDK. The focus in kindergarten is on play-based programmes with classroom programming varying according to local needs, such as English as an additional language learners, multi-age classrooms, and special needs students. Development of skills in literacy and communication, problem-solving, cooperation, and technology use are emphasised. Some rural kindergarten programmes actually run for the full school day (approximately 5.5 hours of instructional time) but on alternate days, for efficient use of bus services. The school year in Manitoba runs from the beginning of September to the end of June, approximately 185 days of instruction. FDK programmes are effectively twice the amount of instructional time as HDK programmes.
Outcomes
Six outcomes were examined in the comparison using students from school divisions 1 and 2: grade 3 reading and numeracy assessments; grade 7 mathematics and student engagement assessments; grade 8 reading comprehension/writing assessment; and a grade 9 achievement index, which combined student-level information on number of credits earned and marks for coursework (Roos et al., 2013) . The assessments in grades 3 through 8 were teacher administered and determined whether students were meeting expectations for grade. Teachers are provided with documentation as well as professional development sessions regarding these assessments, and the results are entered into the provincial database at the student level using a web-based application. See Table A1 for a more detailed description of the outcomes. Four outcomes were examined for the students from school division 3: grades 7 (mathematics and engagement) and 8 (reading comprehension/writing) assessments and grade 9 achievement index.
Study design
Analytic framework Our study design followed Rubin's Potential Outcomes Framework (Rubin, 2005 (Rubin, , 2008 . In this framework, each child is considered to have two sets of potential outcomes: (1) when she/he received FDK and (2) when she/he received HDK. The difference in these two sets of outcomes is the impact of FDK compared with HDK. The fundamental challenge with such research is that, for each child, we can only observe one set of outcomes -if the child received FDK, we cannot know her academic outcomes with HDK and vice versa (Holland, 1986) . Our task was to design a study that provides unbiased estimates of these potential outcomes. A randomised study will yield unbiased estimates of the average effect of FDK, compared with HDK, on outcomes. When random assignment is unfeasible, observational studies often utilise techniques such as multiple regression; however, multiple regression often fails to fully adjust for differences in observed covariates between exposure groups (Rubin, 2001) . We therefore utilised two alternative observational study designs to identify differences in outcomes attributable to FDK vs. HDK:
(1) Propensity Score Matched Cohort Design and (2) Stepped-Wedge Design. Both study designs are described below.
(1) Propensity Score Matched Cohort Design. Analyses comparing school divisions 1 and 2 followed a matched cohort design where children enrolled in FDK were matched to children in HDK, based on their estimated propensity score, and followed to grade 9 to assess differences in outcomes. A child's propensity score is simply her/his conditional probability of being enrolled in FDK (compared with HDK), given her/his observed covariates (Rubin, 2001; Rubin & Thomas, 1996; Guo & Fraser, 2009; D'Agostino, 1998) . The propensity score is useful for (a) balancing differences in observed covariates between FDK and HDK children and, subsequently, (b) creating comparable exposure groups (D'Agostino, 1998; Guo & Fraser, 2009; Morgan & Winship, 2007; Rubin, 2001 Rubin, , 2008 . Furthermore, conditional on the propensity score, observed covariates are independent of assignment to FDK vs. HDK (D'Agostino, 1998; Guo & Fraser, 2009; Morgan & Winship, 2007; Rubin, 2001 Rubin, , 2008 . Thus, assessing and comparing outcomes between children receiving FDK and children receiving HDK with the same value on the propensity score, follows Rubin's potential outcomes framework and facilitates estimation of the differences in performance attributable to FDK. Each child's propensity score was estimated by logistic regression. Several variables were used to predict exposure to FDK vs. HDK that have been shown to affect school performance (i.e. they were true confounders of the relationship between FDK and school performance): an area-level index of SES derived from the Canada census at the dissemination area (DA) level (approximately 400 people) that includes average household income, employment, education, and lone-parent status Chateau, Metge, Prior, & Soodeen, 2012; Guèvremont, Roos, & Brownell, 2005) ; total number of residential moves (Cutuli et al., 2013; Ingersoll, Scamman, & Eckerling, 1989; Scanlon & Devine, 2001 ); mother's age at first birth (Jaffee, 2002; Jutte et al., 2010 ); mother's marital status at kindergarten start date (Strohschein, Roos, & Brownell, 2009) ; family income assistance receipt (Chase-Lansdale, Coley, Lohman, & Pittman, 2002; Roos et al., 2006 ); family involvement with child welfare services Geenen & Powers, 2006; Scherr, 2007) ; child's sex; and child's age in months. For grade 3 assessments, a school readiness measure at school entry, based upon the Early Development Instrument (EDI; Forget-Dubois et al., 2007; Janus & Offord, 2007) was also used. The logistic regressions were used to generate predicted probabilities of exposure to FDK (vs. HDK) for each child, based on his/her observed covariates. These predicted probabilities were used as the estimated propensity scores. The estimated propensity scores were then used to match each FDK child with up to five HDK children. Specifically, we used greedy, balanced, nearest neighbour matching within a defined calliper of up to 0.05 (Guo & Fraser, 2009) . After matching FDK to HDK children, based on the propensity score, we assessed balance on observed covariates to determine whether any differences between FDK and HDK children remained. Absence of any differences on observed covariates suggests comparability between the two groups.
(2) Stepped-wedge design. In a stepped-wedge design, the intervention is implemented sequentially over a particular timeframe, to either individuals or groups of individuals. By the end of the timeframe, all individuals or groups will have received or be receiving the intervention. The ordering of the intervention is not based on participant characteristics, but is determined randomly. The individuals or groups in the study act as their own controls, providing data points in both the non-intervention and in the intervention group (Brown & Lilford, 2006) . In school division 3, the FDK programme could not be implemented in all 20 schools at once for practical reasons and was introduced gradually with three to six new schools starting FDK each year over the course of five years ( Table 2 ). The ordering of schools for beginning FDK was not based on socioeconomic or school achievement factors; however, those schools where more parents were in favour of FDK may have been the first selected, which could reflect maternal employment factors.
Outcome analyses
For school divisions 1 and 2, the propensity score matched cohort was used to compare differences in academic performance between FDK and HDK children. Rates for each of the six outcomes were calculated by income quintile groupings derived from the 2006 Canada census. Average household income was assigned at the DA level, and DAs were grouped into quintiles to represent approximately 20% of the Manitoba population, with Q1 being the lowest and Q5 being the highest (Brownell et al., 2002) . Each outcome was generated for the FDK children and for their matched HDK controls in that quintile. There were fewer children in higher income quintiles, so depending on the outcome, the higher income quintiles were grouped together.
For school division 3, a stepped-wedge design was used where each school acted as its own control. Income quintiles were generated as described above for school divisions 1 and 2; however, in school division 3, there were fewer children in the lower income quintiles so when necessary the three lowest income quintiles were grouped.
For both analyses (school division 1 compared to 2, and school division 3 compared to itself in earlier years), logistic regression using generalised linear mixed models was run, with the school and academic year at the time of outcome as a clustering level to control for potential school effects in a given year. For school divisions 1 and 2, income quintile was entered as a covariate in the models. For school division 3, income quintile, age, sex, child welfare involvement, income assistance receipt, age of mother at first birth, number of moves, mother's marital status, age, and sex were entered as covariates in the models. To determine whether FDK had a differential effect according to income quintile, a kindergarten type (FDK or HDK) by income quintile interaction was entered into the models for all analyses. Based on previous findings (Heckman, Pinto, & Savelyev, 2013) , an interaction between kindergarten type and sex was also modelled.
Drawing inferences about the plausibility that FDK has an effect on school performance rests on the strong assumption that we have controlled for all measured and unmeasured confounding. Although it is impossible to know the strength of any residual confounding, we assessed how strong such confounding would need to be in order to invalidate statistically significant findings, using gamma sensitivity analyses outlined by Rosenbaum (Guo & Fraser, 2009; Jiang & Foster, 2013; Rosenbaum, 2010) . These analyses provide an assessment of the plausibility that observed associations may reflect underlying causal relationships. Table 3 shows the demographic information for students in school divisions 1 and 2 for the matched sample (Table A2 shows this information for the cohorts before and after Early Child Development and Care matching). As expected, given the targeted nature of the intervention in school division 1, prior to matching, FDK students had significantly more challenges that could potentially affect their school performance than HDK students, including more students with: 2+ moves (p < 0.0001 for all outcomes), involvement in child welfare services (p < 0.0001 for grades 3-8 outcomes, p < 0.05 for grade 9 achievement), receipt of income assistance (p < 0.0001 for all outcomes), lower area-level income (p < 0.0001 for all outcomes), unmarried mothers (p < 0.0001 for all outcomes), younger age at first birth for mothers (p < 0.0001 for all outcomes), and higher SES index (indicating lower SES) (p < 0.0001) (Table A2) . Table 4 shows the standardised differences between the FDK and HDK cohorts in school divisions 1 and 2 for each of the outcomes, before and after the propensity score matching. Differences after matching are shown for the first match and for the multiple matches used in the models. Standardised differences of less than 20% (<0.20) were used to assess balance (Austin, 2009) . As shown in the table, prior to the matching, the cohorts differed on most of the variables for all grade levels, with the exception of student age and sex, where differences were negligible. After matching, the cohorts showed no differences on the matching variables for grades 7, 8, and 9. For grade 3 outcomes, standardised differences were greater than 20% for income assistance (0.26) and the SES index (0.41) after matching. To account for differences that remained after matching, we used doubly robust estimation (Lunceford & Davidian, 2004) . That is, first we matched children based on their estimated propensity score and then we modelled the relationship between FDK and school outcomes adjusting for area-level income to account for remaining differences in income assistance and SES. Doubly robust estimation has been shown to yield results robust to residual confounding (Bang, 2005; Lunceford & Davidian, 2004) . Table 5 shows the demographic information for students in school division 3. Students in FDK were significantly more likely to be from lower compared to higher income quintiles than students in HDK, and their mothers were less likely to be married. The FDK students also had mothers who were older at their first birth, and had a lower mean score on the SES index, indicating higher SES. Table 6 (top panel) shows the regression results for the analysis of school divisions 1 and 2. Odds ratios (ORs) and 95% confidence intervals (CIs) for a priori contrasts for both kindergarten type by income quintile and for kindergarten type by sex interactions are shown. For grade 3 numeracy, among children living in the middle-income quintile (quintile 3), FDK children had three times the odds of meeting expectations for grade compared to HDK children. For grade 7 math, among students from the lowest income quintile, FDK students had two-and-a-half times the odds of meeting expectations for grade compared to HDK students, and FDK girls outperformed HDK girls. The results suggest that FDK benefits girls from the lowest income quintile in grade 7 math. For grade 7 engagement, FDK students from the highest income quintiles (quintiles 4 and 5 combined) were less likely to be engaged in their learning than HDK students in the same income quintiles. For grade 8 reading and writing, male FDK students were less likely to be meeting expectations than HDK males. No other differences were statistically significant. To summarise, out of 35 comparisons, five were statistically significant. Table 6 (bottom panel) shows the regression results for the analysis of school division 3. The only statistically significant result was found for grade 7 engagement. FDK girls had three-and-a-half times the odds of being engaged in their learning as HDK girls. Out of 24 comparisons, only one was statistically significant. Table 7 summarises the significant FDK effects for all outcomes and school divisions. Given that children were not randomly assigned to FDK vs. HDK, observed relationships between FDK and education outcomes may not reflect causal relationships; rather, they may be artefacts of residual confounding. We conducted sensitivity analyses to measure how large residual confounding would have to be to invalidate our Early Child Development and Care results (Jiang & Foster, 2013; Rosenbaum, 2010) (shown by percent effect in last column of Table 7 ). For example, the percent effect for grade 7 math for school divisions 1 and 2 shows that the residual confounding would have to have an absolute effect on grade 7 math that is 31.6% of the observed relationship between FDK and grade 7 math; that is, there would need to be substantial residual confounding in order to nullify our findings. It is unlikely that after matching on the propensity score and using doubly robust estimation that such significant confounding remained. On the other hand, the percent effect for grade 8 reading and writing results for school divisions 1 and 2 shows that these results would be nullified by very tiny confoundingless than 1% of the relationship between FDK and reading. Thus, it is probable that the significant relationship between FDK and grade 8 reading may be attributable to residual confounding. The results for grade 7 engagement for the kindergarten type by income quintile interaction for school divisions 1 and 2 (1.4%) and the kindergarten type by sex interaction in school division 3 (7.6%) may also likely be attributable to residual confounding, whereas the sex by kindergarten type interaction for grade 7 math for school divisions 1 and 2 (31.6%) discussed above, as well as the income quintile by kindergarten type interaction for grade 7 math (29.2%) and the grade 3 numeracy in school divisions 1 and 2 (25.8%) are likely robust to residual confounding.
Results
Discussion
This is the first longitudinal analysis examining long-term outcomes of FDK compared to HDK programmes beyond primary school in Canada. Using population-based administrative data we were able to follow children from kindergarten up to grade 9 and examine their performance on assessments in grades 3, 7, and 8 and their score on a grade 9 achievement index. Our study designs -propensity score matching and stepped-wedge -allow for stronger causal inferences than multivariate regression modeling (Brown & Lilford, 2006; Rubin, 2001) , which has been used in many of the evaluations of FDK to date. Where FDK was introduced to all schools, we found only one statistically significant finding and determined that it was sensitive to unmeasured confounding; that is, the observed significant finding could easily become non-significant if the model adjusted for all confounders. This finding confirms a relatively large literature from the USA that shows few if any longer-term academic benefits of FDK compared to HDK programmes (Cannon et al., 2006; Cooper et al., 2010; Olsen & Zigler, 1989; Votruba-Drzal et al., 2008; Wolgemuth et al., 2006) . Where FDK was targeted to schools in low SES areas, out of six outcomes examined, we found three long-term FDK effects that were both statistically significant and robust to unmeasured confounding, although these significant effects were limited to specific sub-groups of students: improved grade 3 numeracy for middle-income students, improved grade 7 math for low-income students, and improved grade 7 math among girls. These findings of statistically significant long-term FDK effects are new and notable, but should be taken in the context of null findings for other sub-groups of students and for the other three outcomes examined for this school division. The robust statistically significant findings for the targeted FDK programme were limited to assessments involving numeracy and math, rather than reading and writing, or school engagement. FDK students in this targeted FDK program who were in the middle-income group outperformed their HDK peers in grade 3 numeracy. And FDK students in this targeted FDK programme who were in the lowest income group and who were female outperformed their HDK peers in grade 7 math. Our analyses were not sufficiently powered to examine a three-way interaction, but the results suggest that targeted FDK programmes may engender some long-term benefits in mathematics for lower SES students, particularly girls.
Our finding of improved grade 7 performance in math for low-income girls is unique and requires further study. It will be important to follow these students further to determine whether scores in grade 12 standards exams in math are also elevated for FDK girls compared to HDK girls. If this finding is replicated in higher grades and in other jurisdictions, it will be critical to identify which aspects or components of FDK enhance lower income girls' numeracy skills and determine whether programming can then be tailored to enhance other types of skills (e.g. literacy) and to also improve boys' outcomes.
The fact that the few significant and robust results in our study were found only in the school division where FDK was targeted to low-income areas raises an important debate found in the literature; that is, whether early childhood programmes should be targeted or universal. Targeting programmes at children who are at the greatest risk of poor outcomes may seem like the most cost-effective way of improving population outcomes, since fewer children receive the (often costly) intervention and there may be a higher return on investment for lower income children (Cunha, Heckman, Lochner, & Masterov, 2006) . However, targeting, by characteristics such as SES, ends up missing many in the population who are actually at risk of poor performance (Boivan & Hertzman, 2012) and may do little to improve overall population-level measures (McKinlay, 1998) .
There may, of course, be other goals besides short-and long-term academic outcomes of FDK programmes. Heckman et al. (2013) have analysed data from the well-known Perry Preschool Program and demonstrated that it is not improvements in academic achievement per se that have led to the quite remarkable long-term positive effects of the programme, but changes in personality skills (including academic motivation). Thus, although the initial improvement in standardised test scores for children in the Perry Preschool Program faded over time, the programme was associated with other life-changing improvements including higher rates of completion of high school and lower involvement with the criminal justice system. Heckman et al.'s (2013) findings are consistent with a recent review from the Society for Research on Child Development of 84 preschool programmes, which found that long-term benefits included more high school completion, fewer teen pregnancies and reduced crime rates for program participants, despite fading academic differences over the course of school between participants and non-participants (Yoshikawa et al., 2013) .
Although it is tempting to use evidence about the long-term benefits of pre-kindergarten to estimate FDK effects (Hahn et al., 2014) , caution should be exercised in generalising preschool programme results to FDK programmes. FDK programmes are not generally considered 'preschool' because they usually involve five-year-old children who will have access to some public schooling, whether half or full days in kindergarten. Furthermore, preschool programmes evincing long-term benefits often involve a parent training component (Yoshikawa et al., 2013) , which FDK generally does not. Indeed, when the benefits of FDK programmes are compared head-to-head with preschool programmes, FDK programmes fare poorly (Reynolds & Temple, 2008) . Reynolds and Temple (2008) reported that whereas programmes aimed at younger children (entry age into the programme one to four months through three years) yielded estimated benefit to cost ratios of 2:1 to over 10:1, FDK showed no benefit up to third grade. FDK is an expensive programme, particularly when implemented on a universal basis, and long-term outcomes will have to be considered carefully to determine whether the benefits outweigh the costs, or whether public funds would yield larger long-term payoffs if invested in programmes implemented earlier, during the preschool period.
To date there have been no long-term evaluations of FDK that have looked at outcomes beyond high school, focusing on the 'important societal outcomes' reported by Yoshikawa et al. (2013) . It will be critical to extend the results of the current study past high school age to determine whether the children in the FDK programmes in Manitoba experience improvements in these societal outcomes, that is, whether they are more likely to complete high school, and whether FDK participation is associated with reductions in crime and teen pregnancy. With the capability of linking the populationbased education data to both health and justice data in the MCHP Repository, we will have the opportunity to conduct this follow-up research within the next few years.
One of the driving factors in the proliferation of FDK programmes is the employment considerations of parents. Having kindergarten children in school for the full day rather than half a day can simplify child-care arrangements for working parents. Indeed, studies examining the universal, low-cost (first $5 and then $7 per day) child-care system in Quebec have shown that female employment and earnings increased significantly after implementation of the system (Baker, Gruber, & Milligan, 2008; Lefebvre & Merrigan, 2008) . Whether a similar argument could be made for FDK remains to be determined. Arguments have also been made around the potential reduction of stress for parents whose children are in FDK programmes, due to not having to locate half-day child care or a means of delivering their children to off-site arrangements. It should be noted, however, that FDK does not replace the need for child care, as parents' hours of work do not necessarily coincide with the length of the school day. Likewise implementation of FDK can result in lost revenue for child-care centres. To remain financially viable, child-care centres may need to reorganise their spaces to serve only younger children, with the end result actually making it more difficult to find part-time spaces for before and after school and during school holidays for FDKaged children (Manitoba Childcare Association, 2011) .
A major strength of our analysis is the use of population-based administrative data for looking at long-term outcomes. The Repository housed at MCHP permits individual-level linkage across multiple data sets, allowing us to use student characteristic information from multiple sources including mother's age at first birth, marital status, and number of residential moves, all factors that potentially influence student outcomes (Cutuli et al., 2013; Jutte et al., 2010; Strohschien et al., 2009) . By linking the education data with the population registry, all children who attended FDK programmes could be followed regardless of whether they remained in the school or division where they attended kindergarten. It was also possible to examine large numbers of children providing ample power for statistical analyses. Furthermore, the anonymised nature of the data in the MCHP Repository circumvent the need for individual consent; therefore, the findings are not subject to participation bias. There are, however, limitations to our data sources that merit attention. Caution needs to be raised regarding the few robust statistically significant results we did find, given the number of comparisons that were made, and thus, increasing the chance of Type I error. Because very little research has been done on long-term outcomes for FDK, we chose not to adjust for multiple comparisons (e.g., Bonferonni correction factor) so that we could identify potential benefits associated with FDK that could be examined in future research. Additionally, although we were able to examine student engagement in grade 7, we were unable to examine other non-academic outcomes such as social and emotional development. Cooper et al. (2010) report some evidence that FDK may have positive effects on child independence, self-confidence and ability to play with others, but negative effects on attitudes towards school and behaviour; however, caution is raised about the non-experimental nature of the studies in their review. Clearly, examining both short-and long-term social and emotional outcomes of FDK should be a priority for future research. Data were also unavailable on programme quality, student attendance, or activities that HDK students participated in for the remainder of their school day. All these factors could potentially affect the longer-term outcomes of students. Furthermore, the assessments used in grades 3, 7, and 8 were teacher administered and therefore subject to teacher biases regarding students. Whilst it is entirely possible that teachers conducting grade 3 assessments knew whether their students had attended FDK or HDK programmes, and thus their own biases about the benefits of these programmes may have entered into their evaluations, by grades 7 and 8 the students would be attending different schools than where they attended kindergarten, and therefore the likelihood that the teachers conducting the assessments were aware of their kindergarten history is unlikely. It is also unlikely that teachers realised when they were conducting their assessments, that these would later be used in an evaluation of the FDK programmes. It is important to note that drawing causal inferences about results produced in a propensity score matched cohort study rest on the strong assumption of ignorable assignment to FDK; that is, after matching on the estimated propensity score, we have controlled all observed and unobserved confounding. This strong assumption may not hold in our study; however, we were able to test how sensitive any statistically significant results were to violations of this assumption.
Conclusion
Our findings indicate no apparent benefits of universal FDK, but there may be some benefits from targeted FDK programmes, under certain circumstances. FDK programmes targeted at low-income areas showed long-term improvements in numeracy for low-income girls. The evidence from this study suggests that expectations for population-level improvements in long-term academic performance for FDK programmes may be overstated. The index was developed based on possible average marks in all classes and the number of credits earned during the grade 9 school year. A scaled logit score was created based on the rank categories each individual was assigned to (Roos et al., 2013) 
